which has demonstrated similar analgesic activity (Janssen & van der Eycken, 1968) . The molecular simplified analogue of quinine, mefloquine, exhibits potent antimalarial action, and is also effective against resistant strains of Plasmodium (Grigg et al., 2016; Murray & Perkins, 1996) . Finally, the analogue designed by the molecular simplification of piperlongumine, a natural alkaloid, is more active and selectively cytotoxic against breast cancer cells than the prototype molecule (Valli et al., 2017) .
Curcumin (1) is a diphenolic compound extracted from the rhizomes of Curcuma longa, which exhibits a large range of bioactive properties that include antifungal, antiviral, and anticancer activities (Chen et al., 2016; Di Martino et al., 2017; Kumar et al., 2014) . The antibacterial activity of curcumin and its natural and synthetic analogues has been extensively revised by Moghadamtousi et al. (2014) .
However, our main interest in curcumin relates to its ability to inhibit bacterial cytokinesis (Kaur, Modi, Panda, & Roy, 2010; Rai, Singh, Roy, & Panda, 2008) . Division in bacterial cells requires the proper assembly of a septal structure, the Z-ring, which has as main constituent the tubulin-like protein FtsZ (Lutkenhaus, 2007) . FtsZ has a pivotal function during this process, as it acts as a division scaffold and recruits several other cellular factors that assemble the divisome (the protein complex operating on cell division) (Hurley et al., 2016; Xiao & Goley, 2016) . FtsZ polymerizes in a GTP-dependent manner into protofilaments that associate to compose the Z-ring at the site of division. Curcumin was shown to inhibit the assembly of FtsZ protofilaments in Bacillus subtilis (B. subtilis), where it exerts its function by stimulating the GTPase activity of FtsZ (Rai et al., 2008) .
Another function that has been attributed to curcumin is the ability to modify lipid bilayers, which may consequently alter the function of membrane proteins (Hung et al., 2008; Ingolfsson, Koeppe, & Andersen, 2007) . Supporting this, curcumin I, the main constituent of the seasoning turmeric, was found to permeabilize bacterial membranes (Tyagi, Singh, Kumari, Kumari, & Mukhopadhyay, 2015) .
The pool of biological properties of curcumin has been recognized as pan-assay interference compound (PAIN) and invalid metabolic panacea (IMP) (Nelson et al., 2017) . These classifications are attributed to prototypes that exhibit poor performance as lead compounds due to their activities in various biological assays in which they may interfere with the assay reading rather than displaying a specific interaction with a target. Among the functionalities of the curcumin structure, the β-diketone moiety seems to be related to the PAIN and IMP behaviors, especially by metal chelation and structural decomposition (Hampannavar, Karpoormath, Palkar, & Shaikh, 2016; Heger, van Golen, Broekgaarden, & Michel, 2014) .
Taking this into account, we designed and synthesized a simplified analogue of curcumin (2) in which a monocarbonyl group replaced the β-diketone, while preserving both double bonds, as well as the vanillyl moieties (Figure 1 ). The antibacterial activity of 2 and its analogues (compounds 3-8) were evaluated against a panel of gram-positive and gram-negative bacteria. Compound 2 was active against the plant pathogen Xanthomonas citri (X. citri), the clinically relevant strains Salmonella enterica sorovar Typhimurium (S. enterica) and Enterococcus faecalis (E. faecalis), and the gram-positive bacterial model Bacillus subtilis (B. subtilis). Moreover, 2 was able to disrupt the divisome of B. subtilis; however, further biochemical analysis did not support a direct and/or specific action on FtsZ. Finally, our data support the view that 2 exerts its function against B. subtilis by membrane pore formation, which suggests that the β-diketone moiety is required for the interaction of curcumin and FtsZ.
| RE SULTS

| Synthesis and
1
H NMR spectrum data of simplified curcumin (2) and its analogues (3-8)
Synthesis of 2 and its analogues (3-8) was achieved by the reaction between the respective benzoic aldehydes and acetone. Analogues of 2 bearing phenyl rings symmetrically substituted by halogens (-F and -Br) and electron-donating [-CH 3 , -N(CH 3 ) 2 and -OCH 3 ] substituents were synthesized, with yields ranging from 61% to 87% H-β), 7.65 (dd; 1.8 and 6.6; H-2 and H-6), 7.45 (m; H-3, H-4 and H-5), 7.12 (d; 15.6; H-α).
(1E,4E)-1,5-bis(4-fluorophenyl)penta-1,4-dien-3-one (4): Yellow solid. 84% yield. d; 15.6; H-β), 7.64 (d; 8.4; H-2 and H-6), 7.14 (dd; 8.4 and 9.0; H-3 and H-5), 7.02 (d; 15.6; H-α) .
(1E,4E)-1,5-bis(4-bromophenyl)penta-1,4-dien-3-one (5): Yellow solid. 75% yield. d; 16.2; H-β), 7.55 (d; 8.4; H-2 and H-6), 7.25 (d; 8.4; H-3 and H-5), 7.07 (d; 16.2; H-α) , 2.42 (s; 4 ̶ CH 3 ).
(1E,4E)-1,5-bis(4-(dimethylamino)phenyl)penta-1,4-dien-3-one (7) 
| Preliminary screening of the antibacterial activity of 2 and its analogues
The antibacterial activities of the compounds 1 (curcumin) and 
| Activity of 2 against B. subtilis
In order to determine the minimal inhibitory concentration (MIC) of 2 against B. subtilis, we exposed this bacterium to various concentrations of the compound and measured the cell respiratory activity using REMA. The concentration window analyzed varied from 100 μg/mL to approximately 0.8 μg/mL. We detected clear concentration-response patterns for both compounds (1 and 2), and the decays of activity started approximately at the concentrations of 12.5 and 6.25 μg/mL, respectively (Figure 3a ,b). It was observed that, at least for compound 2 (3B), the following concentrations (~3-0.8 μg/mL) induced less inhibition with a soft decline.
Subsequently, polynomial regression was used to perform fit to the data, which enabled us to determine the MIC90 of 12.7 μg/mL and MIC50 of 5.4 μg/mL for 2, and the MIC90 of 24.8 μg/mL and MIC50 of 11.5 μg/mL for 1. Therefore, compound 2 displayed a MIC90 that was nearly two times more potent than curcumin, from which it derives. To evaluate if 1 and 2 had bacteriostatic or bactericidal action, aliquots of cell suspensions were collected during REMA and plated in LB medium to check for cell viability. The samples were collected after the exposure to the compounds and before resazurin was added. As a result, colony development was observed for all of the concentrations tested, including those where REMA indicated nearly 100% of cell growth inhibition (above 50 μg/mL). Therefore, both compounds, 1 and 2, have bacteriostatic action against B. subtilis at the concentration range analyzed.
| Disruption of the divisional septum of B. subtilis
Curcumin (1) has been implicated in the inhibition of the FtsZ-ring formation in B. subtilis (Rai et al., 2008) . As 2 is an analogue of 1, 
| Assaying the interference of the simplified curcumin on the FtsZ polymerization dynamics
Disruption of the divisional septum in B. subtilis could be a consequence of direct action of 2 on the bacterial tubulin protein FtsZ and/or other proteins or cellular structures that stabilize and modulate the assembly of the septum. FtsZ is a GTPase that polymerizes F I G U R E 3 Growth inhibition profile of B. subtilis treated with compounds 1 and 2. Bacterium was exposed to different concentrations of the compounds 1 (a) and 2 (b) (x-axis) and the percentages of growth inhibition were plotted as vertical bars (y-axis). Bars represent the average value derived from three independent experiments; standard deviation is depicted above each bar. PC, positive control kanamycin at 20 μg/mL into protofilaments in the presence of magnesium and both nucleotide cofactors GTP or GDP (Erickson, Anderson, & Osawa, 2010) , and is the main scaffold protein of the bacterial septum. The possible interference of 2 was investigated using B. subtilis FtsZ and a polymerization/associated GTP hydrolysis assay (Król et al., 2015) . Incubation of FtsZ with a concentration of 2 equivalent to
subtilis. B. subtilis expressing FtsZ-GFP was cultivated in LB until the OD600 nm of ~0.4; cultures were diluted to 10 5 cells mL −1 , and exposed to the test compounds at MIC90. (a) Cells cultivated in LB; (b) LB + 1% DMSO; (c) cells after 15 min of exposure to 1; (d) 30 min of exposure to 2, and (e) 90 min of exposure to 2. GFP/PhC, phase contrast images superimposed on GFP fluorescence images. Magnification 100×; bar, 5 μm the MIC90 (12.7 μg/mL) led to 16% inhibition of the GTPase activity (Figure 5a ; compare the black bars at NC and 12.5 μg/mL). When the concentration of 2 was increased fourfold (50 μg/mL), the inhibition doubled and reached 35%, which does not appear to be consistent with a specific action of 2 on the GTPase activity of FtsZ. The same set of experiments was conducted using compound 1, and, in accordance with data from Rai et al. (2008) , we documented an increase in the GTPase activity of FtsZ as the concentration of 1 was raised ( Figure 5a , gray bars).
Even though 2 does not seem to interfere significantly with the GTPase activity of FtsZ, this compound could somehow preclude
FtsZ dynamics by interfering with polymerization and/or bundling of the FtsZ protofilaments. These possibilities were investigated through sedimentation analyses, where FtsZ was exposed to 2 at 50 μg/mL before GTP and GDP were added. Polymerization was initiated by the nucleotide incorporation into the reaction and measured by the determination of the amount of FtsZ recovered in the pellet after centrifugation (Figure 5b ). Bovine serum albumin (BSA) was included as a control for aspecific protein aggregation, which would also result in sedimentation. Treatment with 2 and GTP led to a nearly 40% of FtsZ recovered in the pellet. The sedimentation observed with 2 was not significantly different from the sedimentation documented in the presence of DMSO, although 2 did seem to slightly increase the amount of FtsZ recovered. This could be indicative of an increased bundling, that in turn may influence the GTPase activity. BSA did not sediment, indicating that 2 did not cause aspecific protein aggregation.
2.6 | Simplified curcumin acts on the membrane of B. subtilis Tyagi et al. (2015) recently reported that curcumin I, the most active constituent of turmeric, has biological activity against E. coli, E. faecalis, S. aureus, and P. aeruginosa, and they also showed that, at least regarding E. coli and S. aureus, curcumin I exerts its action by disrupting the membrane potential. As membrane potential seems to be necessary for the localization of factors such as FtsZ PI intake in the time-frame evaluated. In summary, both compounds, 1 and 2, had the ability to target the bacterial membrane, and, judging by the fact that 2 had little influence on the GTPase activity and sedimentation dynamics of purified FtsZ, our data suggest that the primary target of compound 2 is the bacterial membrane. 
| D ISCUSS I ON
Curcumin (1) is the active constituent of turmeric, a seasoning with a long history of use in popular medicine (Goel, Kunnumakkara, & Aggarwal, 2008) . Among the benefits that have been attributed to 1, the antibacterial action was the focus of our studies. Besides, we wanted to investigate the functional group(s) of 1 that are involved with the action it exerts on the bacterial division protein FtsZ (Rai et al., 2008) . FtsZ is an ancient tubulin widespread in Bacteria.
Subunits of FtsZ associate in a GTP-dependent manner to form polymers, which subsequently bundle to form the Z-ring, a ring-like structure that coordinates the bacterial cell division (Hurley et al., 2016; Lutkenhaus, 2007; Xiao & Goley, 2016) . In the recent years, FtsZ has become a target for the development of antibacterial compounds.
Among the reasons for that we cite its low homology in primary sequence to tubulins of derived eukaryotes, allied to the fact that FtsZ is well conserved throughout Bacteria (Hurley et al., 2016; Lock & Harry, 2008; Lowe & Amos, 1998) . Such characteristics may represent low(er) toxicity for eukaryotes and larger spectra of action of the FtsZ inhibitors. Rai et al. (2008) reported that 1 inhibits the assembly of FtsZ protofilaments, and stimulates the GTPase activity of the protein. Authors also determined the dissociation constant of 1 to FtsZ (~7 μM), which was considerably low denoting specific binding. In our microscopic analyses, compound 2, a derivative of 1, had only a minor effect on the divisome of B. subtilis. In addition, 2 was able to permeabilize the bacterial membrane, an activity also documented for 1 (Figure 6 ). However, subsequent biochemical characterizations did not support an specific action of 2 on the cell division subtilis, which is in agreement with its suggested mode of action:
perturbation of the bacterial cell division (Rai et al., 2008) . Notably, nisin, a lantibiotic the targets the bacterial membrane producing pores (Wiedemann et al., 2004) , induced similar FT-IR spectral alterations as 2 (Figure 8b,d) . Altogether, the FT-IR spectra were capable of pinpointing chemical structures perturbed in the cells upon exposure to 2. Moreover, the altered regions correspond to chemical structures or cellular components that are part of the cytoplasmatic membrane, seemingly the primary target of 2.
Molecular simplification is a powerful tool that enables the identification of functionality groups within bioactive compounds. This technique applied to 1 seems to have allowed us to discriminate between two of its functionalities: while 1 targets FtsZ and the membrane (Rai et al., 2008; Tyagi et al., 2015) , compound 2 targets the membrane more prominently (Figures 5 and 6 ). In the present work, a set of seven compounds were generated in which the β-diketone In addition, our data shows that the β-diketone group is not required for membrane targeting.
The derived form 2 was further modified into compounds 3-8
and their antibacterial properties were assessed using a panel of bacterial isolates of clinical interest, as well as a plant pathogen.
The series 2-8 was noticeably effective against S. enterica sorovar Typhimurium, a model enteropathogenic bacterium that is responsible for acute forms of food-borne diarrhea. Wotzka, Nguyen, and Hardt (2017) mentioned in their review the need for more efficient therapies against enteropathogens, which include S. enterica
Typhimurium. In addition to this, acquired antibiotic resistance in
Salmonella is a matter of concern (Michael & Schwarz, 2016 ). Here, we described seven compounds (2-8) with the ability to inhibit growth of S. enterica Typhimurium. Although the maximum inhibition level observed was 75% (7), the anti-Salmonella activity of the series as a whole pointed to the effectiveness of the basic structure of 2 against this bacterium, irrespective of the substituent atom/group used.
Among the compounds, 2 was active against five of seven bacterial isolates. Additionally, 2 showed a nearly 60% increase in potency against E. faecalis when compared to 1, while practically keeping the antibacterial property of 1 against S. enterica Typhimurium and B.
subtilis. E. faecalis is a gram-positive bacterium widespread in nature, and also found as a commensal of the gastrointestinal tract of animals. Furthermore, E. faecalis has been associated with nosocomial infections and thus poses a considerable threat to human health worldwide. The ability of compound 2 to kill E. faecalis emerges as a new therapeutic possibility against an opportunistic pathogen, known to be resilient to several antibiotic treatments (acquired and intrinsic resistance of E. faecalis has been nicely reviewed by Guzman van Harten, Willems, Martin, & Hendrickx, 2017) .
Prieto
Compound 2 was the only derivative able to kill the plant pathogen X. citri, which is the etiological agent of citrus canker, a disease that affects all the commercially important varieties of citrus plants and responsible for significant economic losses to the orange juice industry (Gottwald, Graham, & Schubert, 2002) . Citrus canker cannot be treated, however, farmers can manage the problem and control the spread of X. citri within the orchards. The current strategy used in Brazil, the major producer of sweet oranges in the world, is the plantation of orange trees that are less susceptible to the pathogen (complete resistance to X. citri has not yet been found), the use of wind-shields (green barriers) to avoid lateral spreading of the bacterium due to the combined action of wind and rains, and the massive use of cupric formulations as a superficial bactericide to protect the aerial parts of the trees (Fundecitrus, Brazil). Copper is toxic to the environment, may be bio/accumulative, and there are reports of acquired resistance of X. citri to this metal (Canteros, 1999; Carpene, Andreani, & Isani, 2017) . In this sense, the use of agricultural defensives based on less toxic compounds is a desirable alternative that deserves further investment.
| MATERIAL S AND ME THODS
| Synthesis and
1
H NMR spectra of compounds 2-8
The general procedure for the synthesis of compounds 2-8 was the same as reported by Yadav et al. (2010) . Briefly, an amount of 7 mmol acetone was added to a solution of 14 mmol of the respective benzaldehyde in ethanol (10 mL). The solution was stirred at room temperature for 20 min, followed by dropwise addition of ethanolic solution of NaOH (1.5 mL, 1.0 mol/L). The mixture was stirred at room temperature and monitored by successive TLC analyses. When the reaction was finished, the residue was poured into crushed ice. The resulting precipitate of 2 was removed by filtration, washed with cold water, and purified by chromatography over silica gel using mixtures of hexane and ethyl acetate as eluents.
Precipitates of 3-8 were removed by filtration, washed with cold water and purified by recrystallization from ethanol. NMR spectra at 25°C were recorded at 600 MHz for 1 H nucleus on Bruker Avance III spectrometer. Chemical shifts are given in ppm on the δ scale referenced to residual CHCl 3 signal at 7.28, and coupling constants (J) are calculated in hertz (Hz).
| Strains and growth conditions
The strains 
| Cell viability tests
The antibacterial activity of the compounds was evaluated using the Resazurin Microtiter Assay Plate (REMA) adapted to X. citri (Silva et al., 2013) . Compounds, as dried powders, were diluted in 100% DMSO to a starting concentration of 10 mg/mL. Following, compounds were diluted in a twofold scheme using growth medium (according to the medium recommended for each strain), and aliquots were deposited directly into the wells of a 96-microtiter plate so to give the necessary concentration to be tested in a final volume of 100 μL. Cells were standardized to 10 5 CFU/well. The negative control was media; the vehicle control was 1% DMSO, and as positive controls we used 20 μg/mL of kanamycin for X. citri and B. subtilis, 8 μg/mL of ampicillin for E. coli and S. typhimurium, 4 μg/mL of gentamicin for P. aeruginosa, and 2 μg/mL and 4 μg/mL of vancomycin for S. aureus and E. faecalis, respectively (EUCAST/BrCAST, 2017).
Bacteria were exposed to the compounds for a period of 12 hr.
After the incubation time with the compounds, the metabolic activity of the cells was assessed by adding resazurin (0.1 mg/mL) to the samples to the final concentration of 1.5 μg/mL, followed by a further incubation of ~2 hr. Resazurin is a nonfluorescent blue dye that can be reduced in the presence of NADH to a reddish fluorescent compound known as resorufin (an indication of cell metabolism). The amount of resazurin reduced by NADH to its fluorescent form is quantifiable in REMA, and it is directly proportional to the amount of cells with active metabolism (respiring); therefore, we can measure the proportion of the cells in a culture that are affected by a specific compound or treatment. Fluorescence scanning was conducted using a microplate reader Synergy H1 (Biotek). Three independent experiments were used to estimate the minimal inhibitory concentration (MIC) data. Statistics were carried out using Graphpad Prism version 6. To evaluate if compounds had bacteriostatic or bactericidal action, samples from REMA were plated on agar-media and incubated for 24 hr (48 hr for X. citri) in order to check for the ability of the cells to grow.
| Microscopy
Cells to be evaluated under the microscope were collected from REMA plates after the exposure to the compounds and immobilized in agarose-covered slides essentially as described by Martins et al. (2010) . B. subtilis labeled for the septum was cultivated in the presence of 0.02 mM Isopropyl β-D-thiogalactopyranoside (IPTG)
to induce the expression of FtsZ-GFP from the pspac promoter.
Membrane integrity was assessed using the Live/Dead Baclight kit (Thermo-Scientific L7012) following the exposure to the compounds in REMA. All the visualizations were done using an Olympus BX-61 microscope, equipped with a monochromatic OrcaFlash-2.8 camera,
and guided by the software CellSens version 11.
| FtsZ assays
B. subtilis FtsZ was expressed and purified using the ammonium sulfate precipitation method as described before (Krol & Scheffers, 2013; Mukherjee & Lutkenhaus, 1998) . The FtsZ GTP hydrolysis rate was determined using the malachite green phosphate assay as described in (Król et al., 2015) . Twelve μM FtsZ was incubated with 10 mM MgCl 2 in the presence of various concentrations of 2 in 50 mM HEPES pH 7.5, 300 mM KCl at 30°C and the reaction was started with 1 mM GTP. As a control, 1% DMSO was used. FtsZ sedimentation assays were performed as described in (Król et al., 2015) .
Ten μM FtsZ and BSA (control) were incubated with 10 mM MgCl 2 in the presence of 50 μg/mL of 2 0.5% DMSO (control) in 50 mM HEPES pH 7.5, 50 mM KCl at 30°C and the reaction was started with 2 mM GTP or GDP (or a corresponding volume of buffer added where no nucleotide was present).
| FT-IR spectrophotometry
FT-IR spectroscopy was performed according Zeroual, Manfait, and Choisy (1995) with some modifications. Cells were analyzed before and after treatment with the compounds using the FT-IR spectrophotometer Shimadzu, Model 8300. Briefly, bacteria were cultivated in liquid medium up to the concentration of 10 5 cells/mL; after growth, cells were centrifuged at 10,000 g for 2 min in order to form pellets at the bottom of 1.5 mL microcentrifuge tubes. Cells were dissolved in deionized water, centrifuged and then washed two more times in water to remove traces of medium. After that, cell mass was mixed together with 149 mg of KBr. To obtain the FT-IR spectra of treated cells, compounds were added to the cultures at MIC90 and allowed to react for 30 min before the centrifugation steps. Nisin was added as a control for membrane pore formation at 5 μg/mL. The dry samples with KBr were homogenized and compressed at 40 kN for 5 min in preparation for the FT-IR readings. Absorbance was analyzed over a range of 400 to 4000 cm −1 , with 32 scans at a resolution of 4 cm −1 . Data treatment and analyses were performed using the software Origin 8.00.
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